4 



4-rfmi To rkf^ 



L Number 
1 


Hits c 
2183 ( 


■ ] 

learcii ical _ ^ 

1ERARD-$.1N. -J 

1 

] 


ys 1 

JSPAT; 2 
JS-PGPUB; 
iPO; JPO; 
3ERWENT 


^ime stamp 
,003/08/04 16.33 








USPAT; : 


1003/08/04 16:55 


2 


2252 ] 


US-PGPUB; 
EPO; JPO; 
DERWENT 
USPAT; 


2003/Uo/U4 ID.JJ 


3 


159 


HU-a$.IN. 


US-PGPUB; 
EPO; JPO; 
DERWENT 




4 


1 


GERARD-S.IN. and FLYNN-$.1N. andHU-aS.IN. 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT 


20U3/Uo/U4 10. 


5 


4592 


GERARD-$.IN. or FLYNN-$.IN. orHU-aS.lN. 


USPAT; 
US-PGPUB; 
EPO; JPO; 


2003/08/04 16:55 








DERWENT 


AA'i /AO/n/1 
2003/08/04 lO.DO 


7 


20 


RIB0S0M$3 AND (RECOMBINATIONAL ADJ2 CLONING) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT 


8 


236 


(RIB0S0M$3 AND REC0MBIN$9).CLM. 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT 


2003/Uo/U4 io.jO 


9 


52 


(RIBOSOM$3 WTffl REC0MBIN$9).CLM. 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT 


2003/08/04 16.30 


10 


32 


(RJBOSOMSS AND REC0MBINATI0N$3).CLM. 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT 


2003/08/04 16.30 


11 


2 


(RIB0S0M$3 WITH REC0MBINATI0N$3).CLM. 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT 


'^/^A1 /AO /A/1 l^'^T 

2003/08/04 16.3/ 


6 


1 


(GERARD-$.IN. or FLYNN-$.IN. or HU-a$.IN.) AND 
(RECOMBINATIONAL ADJ2 CLONING) 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT 


2003/08/04 16.3y 






n'tfo nrliO tP'rlinnlnpS4'i as 


USPAT; 


2003/08/04 17:00 


13 




US-PGPUB; 
EPO; JPO; 
DERWENT 
USPAT; 


'^AA^ /AO /A/1 1 T-m 

2003/08/04 i/vi 


14 


188 


invitrogen.as. 


US-PGPUB; 
EPO; JPO; 
DERWENT 








((life adj2 technolog$4).as.) or invitrogen.as. 


USPAT; 
US-PGPUB; 
EPO; JPO; 
DERWENT 


2003/08/04 1 /.Ul 


15 


575 


16 




) (((life adj2 technolog$4).as.) or invitrogen.as.) and (GERARD-S.IN 


USPAT; 
US-PGPUB; 
EPO; JPO; 
1 DERWENT 


2003/08/04 17:01 




orFLYNN-S.IN. orHU-a$.IN.) 





Search History 8/4/03 5:06:01 PM Paget 
C:\APPS\EASTAWorkspaces\09438358-28.wsp 




^^g^j^j^^^oTRECOS^n^^AL ADJ2 CLOmGjY 
and ((((life adi2 technolog$4).as.) or invitrogen as ) and 
^ES>$.ij. orFLYNN-$.IN. or HU-a$.IN.)) 

(increas$4 or enhanc$4) with recombin$7 
((increas$4 or enhanc$4) with recombin$7) with ribosom$4 



((increas$4 or enhanc$4) with recombin$7) same (ere or 
iSombinase or int or ihf or hu or flp or xis or hm or cm or gm or 

resolvase) 

(((increas$4 or enhanc$4) with recombinS?) with ribosom$4) smne 
(ae or recombinase or int or ihf or hu or flp or xis or hm or cm or 

gin or resolvase) 



USPAT; 


2003/08/04 17:01 


US-PGPUB, 




EPO; JPO; 




DERWEN 1 


2003/08/04 17:03 


USPAT; 


US-PGPUB; 




EPO; JPO, 




DERWEN i 


2003/08/04 17:02 


USPAT; 


US-PGPuD, 




EPO; JPO, 




DERWEN 1 


2003/08/04 17:05 


USPAT; 


US-PGPUB, 




EPO; JPO, 




DERWEN i 


2003/08/04 17:05 


TTCD AT- 


US-PGPUB, 




EPO; JPO; 




1 DERWENT 






SiiJdTHiitoir^/OS 5:06:0mrP^2 
C;\APPS\EAST\Workspaces\09438358-28.wsp 



(FILE 'HOME' ENTERED AT 17:11:58 ON 04 AUG 2003) 



LI 

L2 

L3 

L4 

L5 

L6 

L7 

L8 

L9 

LIO 

Lll 

L12 

LIS 

L14 

L15 

L16 

L17 

L18 

L19 

L20 

L21 

L22 



FILE 'MEDLINE, EMBASE, BIOSIS, CAPLUS 
16632 S (FLYNN, ?)/IN,AU 
(GERARD, ?)/lN,AU 
(HU, ?)/lN,AU 
Ll OR L2 OR L3 
Ll AND L2 AND L3 
RI BOSOM? (S) RECOMBIN? 
L6 (S) (INCREAS? OR ENHANC?) 
L6 (S) (STIMULAT?) 
L8 OR L7 
L9 (S) CLON? 
(BRUCKNER, ?)/lN,AU 
(COX, ?)/IN,AU 
Lll AND L12 

L13 AND L6 ^,rr,r^^ 

DUPLICATE REMOVE Ll4 (1 DUPLICATE REMOVED) 
S LlO (S) METHOD? 

DUPLICATE REMOVE Ll6 (6 DUPLICATES REMOVED) 
S RECOMBIN? (S) (CLONING OR CLONED) 
S RECOMBIN? (3N) (CLONING OR CLONED) 
S L19 (S) RIBOSOM? 
S L20 NOT L16 



ENTERED AT 17:12:15 ON 04 AUG 2003 



10722 
86580 
113907 
1 

3909 
479 
246 
654 
131 
6126 
56026 
97 
2 
1 
15 
9 

46737 
9665 
49 
47 



35 DUPLICATE REMOVE L21 (12 DUPLICATES REMOVED) 



=> 



STIC-ILL 



From: 

Sent: 

To: 

Subject: 



Leffers, Gerald 

Monday, August 04, 2003 9:04 PM 
STIC-ILL 

ILL_Order 09/438,358 



Please forward to me as soon as possible a copy of the following reference: 

Bruckner R.C., Cox M.M.; The Histone-like H protein Escherichia coli is ribosomal protein s3. Nucleic Acids Research 
1989, Vol. 17/no. 8, pages 3145-316|. 



Examiner, Art Unit 1636 
Crystal Mall 7, Room 11A09 
703-308-6232 



1 



Volume 17 Number 8 1989 



Nucleic Acids Research 



The Iiistoiie4ike H protein of Escherichia cott is ribosomai protein S3 



Robert C.Bniclaicr and Michael M.Cox* 



Deparunent of Bicchcmisay, CcUcge of Agricultural and Life Scieiices, University of 
Wisconsin-Madison, Msdison, WI 53706, USA 



Received December 21, 1988; Revised and Accepted Febniaiy 23, 1989 



report the purification of four proteins from jgs^^firjcnift sail that 
stimulate or inhibit inter- and/or Intramolecular recombination promoted by 
the yeast pi asmid- encoded ^ protein. The proteins are identified as the 
ribosomai proteins S3 (27 kli..) , L2 (26 kDa) . S4 (24 kDa) . and S5 (16 kDa), on 
the basis of N- terminal sequence analysis. The S3 protein is found to be 
identical to H protein, an coli histone-like protein that is related to 
histone H2A immunologically and by virtue of amino acid content. The 
H protein/S3 identity is based on co -migration on polyacrylamide gels, heat 
stability, amino acid analysis, and effects on FLP-promoted recombination. 
These results are relevant to current studies on the structure of the fi. fifiU 
nucleoid. Since the H protein has previously been found associated with the 
E. coll nucleoid, the results indicate that either (a) some ribosomai 
proteins serve a dual function in I. coli . or, more likely, (b) ribosomai 
^proteins can and are being mis -identified as nucleoid .constituents. . v 

The H protein is a histone-like protein derived from Eych^rtwft fiali. 
originally isolated as ah inhibitor of in yljt£o replication :(1) , It has. be^n 
shown to cross-react immunolbgicaliy with, h^ to haye an amino 

acid content similar to histone H2A (1). The H protete^als^^ ^has j0NA-binding 
V activity (1,2) and has been .identified as one of severaL proteins as^^ 
iwlth the E. coli nucleoid (i,4y J. It has : been^. ^e^tlMted. jthat^ ^ ^iiere^^^ 
120,000 copies of H protein in rapidly growing fi. fifilt cells .enough to ewer- 
a significant fraction of the i. £fili chromosome (2). This is one of several 
proteins playing a significant role in current research to elucidate the 
inanner in which DNA is packaged in fi. fifiU (3-5). Our interest in this 
protein and its function is indirect, the result of an observation occurring 
In the course of our studies on site-specific recombination in the yeast 

2 micron plasald. , * j * 

The 2 micron circle is an autonomously replicating plasmid found in most 
strains of yeast SAr^charomvces ^^yeyj^U^ with a copy nuaiber of 60 to 100 
copies per haploid cell (6,7). The plasmid exists in two isomeric forms in 
the cell, which are related by a DNA inversion mediated by a plasmid- encoded 
site-specific recombination system (8,9). The recombinase, "lied FLP 
protein, has been purified to homogeneity from I. sfiJJL strains in which it 
has been expressed (10-13). ^ ^ ^ 

Purified FLP protein has several properties that differ from those 
observed with partially purified preparations, or that varied unpredictably 
from one fraction to the next as purification protocols were developed (12). 
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Most of these properties involved the overall amount of activity present, and 
the relative efficiency of intermolecular vs. intramolecular recombination. 
A purification step could yield either a decrease or increase in total FLP 
protein activity present. In other cases, different fractions were found 
that exhibited considerable bias towards intermolecular rather than 
intramolecular recombination. High concentrations of FLP protein in 
partially purified preparations were found to inhibit both recombination 
reactions. In contrast, purified FLP protein exhibits a pronounced and 
readily explainsd prsferancc for intrasclecular recombination, and inhibition 
of the reaction is r.ot observed even when the protein is present in large 

excess (12,13). j * p i* 

Subsequercly. an E, -oli protein i. action was prepared from E. coli 
C-600 cells njt expressing FU protein. This fraction duplicated the effects 
on inter- and intramolecular recombination described above when added to 
reactions containing pure FLP protein. Low concentrations enhanced the 
recombination reaction. Large increases in the concentration of the £. coli 
protein iractioii resulted in the inhibition of both reactions (12). These 
effects were found to be protease sensitive, but were not duplicated by 
additions of bovine serum albumin (BSA) or other proteins (HU or integration 
host factcr (IHF)) previously shown to affect site -specif Ic recombination in 
other systems (14,15). Purification of the I. coU protein(s) responsible 
for these effects was undertaken to determine the nature of the protein(s) 

involved. / ^ ^ „ _ 

We describe here the purification and characterization of four fi. 
proteins that produce the effects on FLP protein mediated recombination 
described above. One of the proteins has been identified as H protein (1). 
The N- terminal sequences of the four g. coli proteins were used to search a 
protein sequence bank to determine if these proteins had been described 
previously, H protein was found to be identical to the 30S ribosomal protein 
subunit protein S3 (16),. The other proteins correspond to 30S ribosomal 
subunit proteins S4 (17) and 85 (18), and 508 ribosomal subunit protein L2 
(19). All of these ribosomal protein sequences have been confirmed by direct 
DNA seouencing (20-22). In the course of this study, the focus was shifted 
from FLP protein to the 1, coll nucleoid. Whereas the results begin. with 
effects on FLP-mediated reactt6ns. the primary subject of /this report ;i^^; t^ 
H protein - 83 ^ identity and its Implications with respect to nucleic .acid 
•.binding activijties^in 'lij^;^^ [ ' . • ' ' ^ • 

-HATgRT^Ti; AWP METHCM)S , [ ^ " - t \ "'I' ■ r. ^ ' '^^^ m^M'^' 'V^ ' ' 

■ Bacterial St rains and Plasmids. Bacterial strain C-600 K- was used for 

th© prspsrstion ©f £. proteins (23) . Plasaid p!MC3 (10) was purified 

from the £. coli strain HBlOl by banding twice in CsCl / gradients in the 
presence of ethidium bromide (24). 

Proteins . FLP protein was purified by C. Gates and its concentration 
determined as described (13). FLP protein used in experiments was 
approximately 80% pure. Chicken erythrocyte histone octamers were a gift of 
Jeff Hanson (Oregon State University) . Samples of H protein and HU were a 
gift of Leroy Bertsch and Arthur Romberg (Stanford University) . IHF was 
kindly provided by Howard Nash (National Institutes of Health) . BamHl was 
purchased from New England Biolabs. Molecular weight standards for sodium 
dodecyl sulfate (SOS)/polyacrylamide gel electrophoresis were purchased from 
Sigma. 

Chromatography Resins SbfiSiSfiU- Biorex 70, Biogel HTP 

hydroa^lapatite, and Biogel PlOO resins were purchased from Biorad. Orange A 
agarose was purchased from Amicon. Resins were prepared according to the 
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manufacturer's instructions. Tris was purchased from Boehringer Mannheim 
Biochemicals . MES, 2- (N-morpholino) ethane sulfonic acid, and TAPS, 3-(N-Tris- 
(hydroxymethyl)methylamino) -propane sulfonic acid, were purchased from 
Research Organics. Sodium phosphate monobasic and dibasic was purchased from 
Mallinckrodt. Ultrapure ammonitim sulfate was purchased from Schwarz/Mann 

Biotech. ^ ^ ^ ^ . 

Buffers . Buffers of the following composition were used during protein 
purification procedures. Buffer M is 20 mM MES, pH 6.5, 1 mM ethylenediamine 
tetraacetic acid (EDTA) . Buffer M (2x) contains the same components at twice 
these concentrations. Buffer P is 20 mM sodium phosphate, pH 6.6, 0.1 mM 
EDTA These pH measurements were made at B^tffer T is 25 mM Tris (80% 

cation), pH 7.5, 0.5 mM EDTA. pH measured at 25*0 . Numbers in brackets 
following buffer designations, e.g., buf fer T 10. 1], indicate molar 
concentration of sodium chloride, 

FLP Protein Recombitiation Assay . The plasmid pMMC3, linearized by 
digestion with BamHl. which cuts the plasmid once, was used as a substrate in 
the FLP protein site-specific recombination assay. Plasmid pMMC3 is derived 
in part* from the 2* micron plasmid, and contains two 599 base pair (bp) 
2 micron repeat sequences arranged in direct orientation (10). This 
substrate can undergo either intramolecular or intermolecular recombination 
when incubated with FLP protein (Fig. 1). Each assay consists of five FLP 
recombination reactions. Ribosomal or histone proteins were diluted as 
indicated into 108 /il of reaction buffer. Five 18 /il aliquots were 
distributed into microtiter wells so that each reaction In a set contains the 
same amount of ribosomal or histone proteins. The remaining solution was 
discarded. Control reactions contained no added fi. sfili or histone proteins. 
Five serial dilutions of FLP protein were made, and 2 m1 of each dllut|.on was 
added to a reaction; After addition of the indicated amounts of FLP protein, 
oach reaction contained 0.2 Mg linear pMMC3 (final concentration of FRT sites 
- 5.5 nM), 25 mM TAPS.buffer, pH 8.0, measured at 25*C, 200 mM NaCl, and J. M 
EDTA in 20 /il total voltune. The reactions were incubated at 30**C for one 
hour' SDS. 2 Ml of 10% (w/v) . and 3 pi of gel loading dye (0.25% (w/v) 
bromophenol blue. 0.25% (w/v) xylene cyanol, and 30% (v/v) glycerol) were 
added (24). The samples were electrophoresed on an 0.8% agarose ^g^l as 
described (24) . ; DNA was visualized by staining with ethidiim bromide X24) , 

were determined by the method of Warburg and Christian (25) , and the metiiod 
bf Bradford (26), using bovine serum albumin as a standard. ^ 

g^ff /pnly^i^rvla miA^ " G^l El ectrophoresj? . 
electrophoresis ; Warmer forSd as described (24) , Proteins were yisuaU^^^ 
stainine with Coomassie blue. Protein molecular weight standards. In^^^der .of,. 
Si^fn^ Molecular bovine ^^^^^^^ 

(43 kDa), ^carbonic arihydrase (29 kDa), fi. £sli single strand binding protein 
(18 kDa), and lysozyme (14.3 kDa). . ,j i ^^a 

urii ,n<1 W-TPimlml Amino ^'^^ ""[y;^?^;"* 

N-temlnal sequLciii wew performed by the Protein fequen^^ng JaclliJ. 
University of Michigan Medical School. Ann Arbor Ml. (27). S5 and S4 wre 
s^Seice^by -anual E^an degradation. S3 and U were ^-j;** ^ 
automated system. Protein samples to be analyzed were W* ^^il! 

trichloroacetic acid and incubated on ice for 30 to 120 minutes. Samples 

:;if 'SnSifuged in an epp^"**'^ "n":2:i^rti'oi "i^s^r^^^^^^ 

precipitate, and the supernatant removed by aspiration. Pellets were wasnea 
with acetone and dried under vacuum. » , n 

P..r^f^ri»tton «f ^4ho«omal frnt:«lfi8 m.P StimuUtorv Actl.Viti»8) 

flrowtb of cells , e' fifiU strain ceoO K- was grown at 37*C In 30 liters 
of AZ^Ssf(2S)lS a 50 uSr Hew Brunswick fe^^^^ During growth the 
pH was maintained at 7.5 by addition of HaOH. Cells were harvested at - 
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Table 1. Purification of g. coli ribosomal proteins S3, S4. and S5 









Volume 




Protein ^mp^ 


Fraction 


I Lysis supernatant 


238 




4300 




Fraction 


II Ammonium sulfate ppt. 


550 




2500 




Fraction 


Ill Biorex-70 


36 




76 


b) 




Purification of S3/H Protein 






15 


Fraction 


IVc Hydroxylapatite 


34 






Fraction 


Vb Biogel P-100 


12 




6.5 




Fraction 


VI Am. sulfate/?- 100 


9. 


5 


1.3 












(4.8*) 0.78 




Fraction 


Va Biogel F-lOO 


12 




c) 




Purification of S4 






13 




Fraction 


IVb Hydroxylapatite 


28 






Fraction 


V Biogel P-lOO 


9 


5 


3.8 




Fraction 


VI Orange A agarose 


12 


5 


1.6 



Protein concentration of fractions I, II, and Va* determined by the method of 
Bradford (26), Protein concentration of the other fractions determined by 
the method of Warburg and Christian (25). Letters following fraction ntmbers 
indicate the order of elution from the column. 



2.8 (228 g cell paste) and frozen in liquid nitrogen. 

Crude Extract . C-600 cell paste, 50 g, was thawed in IQP^ml of 50 mM 
Tris (50% cation), pH 8.1, measured at 25"C, 10% sucrose (w/v), and 1 mM 
EDTA. All purification steps were carried out at 0-5*C. Cells were 
disrupted by sonication, on ice, at 120 watts for five minutes, in one minute 
bursts. The cells were allowed to cool between bursts. The lysate was 
diluted with 100 ml of 25 mM Tris (50% cation) , 1 mM EDTA> and 2 M NaCl, and 
centrifuged at 18,000 rpm in a Beckmann JAr20^ rotor - forV^^^^ 
supernatant, 240 ml, is fraction I (Table la) ^ • - ^ ^^ >v 

/SffmillVin Sulfate Precipitation . Solid ammonium sulfate, 74.6 g (50% 
saturation) , was - added to the lysate gradually oyei:i'^.:30 minutes , .with 
stirring. Stirring f was- continued for ah ;v additiona^^; 30 minutes. ^ The. 
resulting precipitate was collected by centrifugation^x at. d ^in la 

Beckmaiin JA-14 rotor for 30 minutes. Both pellets, were backwashed with 
100 bI of buffer M (2x), 65% saturated in aomonium sulfate ^ (0.43 g/ml) and 
cer*i:ifuged in a JA-14 rotor at 12,000 rpm for 20 minutes. Pellets were 
resuspended in 500 ml buffer M [0]. Measured conductivity was equivalent . to 
buf fer M [0.2]. Total volixme was 550 ml (fraction II, Table la). 

Sinrex 70 Chriy nfit^grwhY Fraction II was loaded . onto a Biorex 70 
column (28 x 2.5 cK, 150 ml bed volimw) equilibrated in buffer M [0.2], at 
1.7 ml/minute. The column was washed with 200 ml buffer M [0.2], and 300 ml 
buffer M [0.5]. Some stimulatory activity eluted in the 500 idf NaCl wash. 
The bulk of the stimulatory activity was eluted from the column with buffer M 
[1.0] (fraction III, 36 ml, Table la). 

Hydroxylapatite Chromatoyranhv. Fraction III, 35 ml, was diluted to a 
HaCl concentration of 150 M by addition of 200 ml of buffer P [0] . and 
loaded onto a hydroxylapatite column (11.5 x 1.5 cM, 20 ml bed volume) 
equilibrated with buffer P [0.15]. The column was washed with 20 ml of 
buffer P [0.15]. Protein was eluted with a 400 ml linear gradient from 
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150 nM NaCl to l.O M NaCl, In bviffer P. The coluon was run at 0.6 nl/iBinute 
and 3 ml allquots were collected In plastic test ttibes. Three sets of 
fractions were pooled (fraction IVa; not shown, IVb (Table Ic), and IVc 
(Table lb) . The letters following a fraction number refer to the order of 
elution from the column. Table numbers refer to the purification table lAiere 
the data appears. Fraction IVa, tijbes 28-34, contained L2. 12 degraded 
during short-term stotago on ice. For this reason, L2 was generally purified 
in a separate preparation as described below. Fraction IVb, tubes 50-58, 
contained S's. Fraction IVc, tubes 60-70. contained S3/H protein, and S5. 
Some" stLnulatory activity was present at other points In t*e gradient. It 
was not determined whether this was due to the presence of small amounts of 
the proteins described here, or to additional proteins that remain 
unidentified. 

P..r<f<catton '^f st/H Protein and S5 

fti«,p1 PlOn fihromatagraohv . Fraction IVc. 34ml (Table lb), was 
. .17V^.ZL lirLs of bu ffer T [0.1]. To concentrate this fraction. 



dialvzed against two liters of buffer T [0.1). To concentrate this traction, 
U III tSaded onto a 1 ml Biorex 70 column equilibrated In buffer T (0 ir 
The column was washed with 1 ml of buffer T lO.ll. ana tne prot«.« elut,- 
with buffer T fl.O]. The protein containing eluate was collected In 1.6 ml 
tLTb was awlted to a Blogel PlOO gel filtration column (47 x 3 cM, 225 ml 
S^i ;SuS) equilibrated in buffer T [0.05]. The <^»1'7' ™« 
10 ml/houT and 2.5 ml allquots were collected. 35 eluted Just after the 
iSif^oJ^ie had passed \hrough the column, tubes 33-37. These t^-JJ 
pooled to give fraction Va, 12 ml. Densltometrlc scanning of a Coo-assle 
EHe stained SDS/polyacrylamlde gel of /"f ^» 5"^ ^^^^^ " 
accounted for greater than 98% of the stained material <T«»»le J;^' "8; • 
^u?es 45-49, which contained S3/H protein, were also pooled to give 

fraction Vb (Table lb). Approximately 80% of the protein in this fraction 
«.«rlin Host of the remainder was S4. The protein peak of 34 



was S3/H protein. Most of the remainder was 34. The ^P^tei" P?« « ^ 
Ipjearcd ^ust after the protein peak of H protein on the Blogel Pl^) colu«j^ 
In addition, a small amount of 34 appeared after the column void volume. «d 
"ailed thiougbout the column. These properties allowed separation of the 
"! -7- Kr«„«Mt:lon of the same Blogel PlOO column. A portion of 



two proteins by repetition of the same Blogel PlOO colymn. A portion o 
€^L?lon V (8 ml 4 mg) was precipitated by addition ; of soUd amonlii. 
fulSte! 4.5I & saSiatloh).Vd Llrred for 30 -tn«ti^: . ^J* P"«^P^*-f - 
wS coiiected b^centrlfugatloh at 18.000 rpm In a Bectaminn^A-20 "tor ^^Tto 
pellet :wa8 res^ended In, 1 ml of buffer T [0.05] , a^, applied to tto 225 
Stoiel PlOO column. The column was run at 10 »l/ho^ imd 2 5 ml^allquots 
5ete coilecUd. ;:T»4>es 407 c^ ^^^9^ .^IP^^^.::^. 

V(fractl«»nVI,^.TabiU^lb).-^ ; ■. .V :.;;:6^.v^\.-.v , 

- Purifleation of S4 :K X"''-''- 

a<«,»i Pino Chromatograohv . Fraction IVb, 28 ml (Table ,1c), waS; 
dial ySIy aBa?i.st b uffer T [0.1] and loaded onto a ,1^ Biorex 

70 column eoulllbrated In buffer T [0.1] to concentrate It. The colupn was 
washed with 1ml buff er T [O.l]. Protein was eluted from Oie column with 
buf fer T [1.0] . The protein was collected In a total volume of 1.2 ml, and 
w-s applied to the same 225 ml bed volume Blogel PlOO column equilibrated In 
buffer'T [0.05]. The column waa run at 10 ml/hour and 2.5 ml allquots were 
collected. Tubes 51-54 were pooled to give fraction V (Table Ic). 

Orange A agaros- ;olumn equilibrated In buffer T [0.05]. The column was 
washed with 3 ml buffer T [0.05]. Protein was eluted with a 60 ml linear 
gradient from 50 mM HaCl to 1 M HaCl In Buffer T. The column waa run at 
0 2 ml/mlnute and 1.5 ml allquots were collected. Ttibea 22-29 were pooled to 
give fraction VI. 9.5 ml. This fraction contained 34 that was greater than 
95% pure (Table Ic. Fig. 2b). 
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Table 2. Purification of rlbosomal protein 12 







V9l,Mffle (mil 




Fraction I 
Fraction II 
Fraction III 
Fraction IVa 
Fraction V 


Lysis supernatant 
Asnsonium sulface ppt. 
Biorex-70 
Hydroxylapatite 
Biogel P-100 


238 
550 
44 
5.0 
7.5 


4300 
2800 
88 
4.3 
0.48 



Protein concentrations oi tractions ± «•» — 

Bradford (26). Protein concentrations of fractions III, IVa, and V 
deterained by the method of fcarburg and Christian (25) . 



^'^^ " !Lm ghrnaatiagraBh-v ■ L2 wa* putlfied Tcom a separate batch 
of c Jls 1?S:tton nr43 V( W e 2). was prepared from 50 g of £. SSli 
S!60S ceUs aTSiscribed Aove. Fraction III was diluted to 150 mM NaCl by 
addition of 215 ml of buffer P (01. and loaded onto a hydroxylapatite column 
(9 X 1.5 CM. 15 ml bed volume) equilibrated with buffer P [0.15 . The column 
was wwhed ;ith 15 ml of buffer P [0.15]. Protein was eluted with a 200 ml 
!toe« gradient from 150 mM NaCl to 1 M HaCl In buffer P. The column was run 
at "9 ml/minute and 2.5 ml allquots were collected. Tubes 23 and 2A were 
pooled to give fraction IVa, 5 ml (Table 2). . , J .1. 

' ??n» ry..^'^^a.r..h^,. Fraction IV was P^^^P^^ated vxtn f»»°nx«m 

-ulfJJ(80%^^^tlSorThe pellet was re suspended in 600 /*! buffer T 
S Strand applied to a, 225 ml Biogel PlOO column equilibrated in buf f er T 
0 05 . The column was run at 10 ml/hour and 2 5 ml "/''Sblel" 
Tubes 49-51 contained L2 that was greater than 95% pure (fraction V. Table 2. 

Fig. 3). 

SESSias - ■■ -'J- '.• ^- ' ■■■■ i >: . ■■■w-;:-.-.;*-,-.- . 

The Initial goal of thesrexp^ was to purify the ^ protein^ or • 

oroteins that stimulated the recbmblnase activity of FtP protein in xlSlft. 
The FLP recombination assay Is illustrated in Figure 1. . The ^. g^ 
activity is made evident by an Increase in the number apd intensity of DMA 
bands resulting from Intermdlecular recombination compared with control 
reactions containing only FL? protein. - ^ ' ^ Z,a^a rti. 

In preliminary trials, a nuoiber of purified proteins were added to the 
In vltrc FLP recombination reaction, in an attempt to duplicate the 
stimulatory effect and possibly Identify the factor responsible. Bovine 
senia albviin (1 mg/ml), which niglit stabilize the dilute FU? protein, had no 
effect. Ho stimulation was detected i*en protein HO. or Integration host 
fft-tor (IMF) , was added to the FIP recombination reaction. Both of these 
proteins hawe been shown to have an effect on site-specific recombination in 
other systems (14.15). Other factors that were tested, t*e highly basic 
protein lysozyne. B. £flU topoisomerase I. B • f «^ 
protein, and spermidine, all failed to stimulate FLP recombination. These 
efforts made it clear Oiat identification of tho responsible fi. fifiU 
activities would require their purification. 

During early fractlcaatlMi attempts, activity was found to elute across 
a wide range of salt coaeantrations when gradients were run on a number of 
chromatographic resins, and across a wide molecular weight range when gel 
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a) 

9.5lcb S' 



IntrafflOtseular 
RKombinsttOR 



66kb P2 



2.9)ib p3 O 



b) 



Inttrmolftcular 
flscombination 



ia.4kb P1- 



C) 

I2.4ltbp1 



15.3Kb ri 

6.6llb 



P2 



two different FLP recoBbimitlon slt^ produces . «-6 l*"*'^ P'^^f f: Jh'^ 
to thai produced iii the Intramolecular reaction, and a 12.4 ld> 

larger In size by 2,9 kb., : . 

until fraction III (Blorex 70). "^"'^ , "^^li'!:^ 

early work had only two protein bands In J" JJ.^ S 

.o Jular weight range on «. SDS/Poly-c^J-^Jj SjJ; .ISt £ thi .tSSator, 
heat stability (see below) suggested that « P"**^ "g^''^ obtained (see 
factor m these fractions (1). A sample of H protein was ootaine 
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99 XXXIValPkVt XVlBVJi- 



rr IXXSVb'V VI 



Figure 2. P^rigjCflttm gff rtl?W^ffiftli Prgtgtns- Roman numerals refer to the 
fractlorw listed in Table 4.1. a) Prctcin fractions generated d«jirlng 
purification of S3/H protein and S5. b) Protein fractions generated during 
purification of S4. 12^ running gel, 6% stacking gel. 



L2 



66K 



43K 



29K 



18K 



14K 




Figure 3. Purtfle«tlim of rlbaaaMl nratmln L2. Roaan iniBerals refer to the 
fraetlens listed In Table 4.2. Protein fractions were generated during the 
purification of L2. 12% running gel, 6% stacking gel. 
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Table 4. N- terminal sequences of the purified rlbosomal proteins 



S5 


AHIEKQAGEL 




AHIEKQAGEL 


S4 


AHYLGPiaKL 




AEYLGFiOKL 


S3 


GQKVHPNGIR-lJGIVKPWNST-WFAimCEFAD-mJDSDFKVRQ-T^^ 




GQKVHFNGIR-LGIVKFUNST-UFANTKEFAD-NIJ>SDFKVRQ-YLT 


L2 


AWKIXPTSP-GRRKPWWN 




AVVKJJKFTSP-GRRIEVgVVN 



N- terminal sequences for the purified rlbosomal proteinis are listed on the 
top line. Published N- terminal sequences are listed on the bottom line. 
Positions i^ere the sequences are different are underlined. References: S3 
(16,20), S4 (17,21), S5 (18,22). L2 (19.20). 



Methods) for comparison. The donated preparation contained one major 
contaminant (26 kDa), as is the case with some preparations of H protein 
generated by published methods. This material helped us to identify 
H protein and the single contaminant as two of the proteins responsible for 
the effects on FLP protein activity as described below. A 24 kDa protein and 
a 16 kDa protein were purified from additional fractions that were found to 
stimulate FLP protein recombination. These proteins have been identified as 
described below. H protein is identical to 30S rlbosomal subunit protein S3 
(16,20). The 16 kDa protein and the 24 kDa protein correspond to S5 (18,22) 
and S4 (17,21), respectively. The 26 kDa protein is L2, of the SOS rlbosomal 
subunit (19,20). For convenience, the rlbosomal protein designations are 
used throughout. The evidence to support these idunt i f lea t ions is presented 
below. Protein S3 is referred to as S3/H protein, to facilitate disctission 
and comparison with ptiblished data: on H protein. 

Identification and Properties of Purified Rlbosomal Proteins. Molecular 
wei^ts of the £. coll protein monomers, determined by comparison of the 
migration on an SDS/polyacrylamide gel with t^e migration of molecular weight 
standards, were 27, 26, 24, arid 16 kDa (Figs. i 2k, and 3)^. Amino acid 
compositions and N- terminal sequences are listed in Tables', v 3 and 4. ^ Theses 
four proteins were identified as rlbosomal proteins S3, j L2, S4, and S5 (in 
order of decreasing size) on the basis of N-terminal sequences. -Published 
N-terminal sequences of these' proteins are presented; for comparison. 
Protein S3 was further identified as H protein by several criteria: 
1) Gomigratlon on a polyacrylamide gel with a sample of H. protein obtained 
from the Korriberg laboratory (not shown, note that protein L2 comigrated with 
the major H protein contaminant) ; 2) heat stability (see below) ; 
3) stimulation of FLP protein-promoted recombination similar to the 
stimulation observed with the donated H protein preparation; and 4) amino 
acid analysis (Table 9). The previooaly reported amino acid compositions of 
S3 (16) and H protein (i) are presented In Table 3 for cMparlaon. Both are 
in excellent ngrMMnt with onr resnlta. The otaerved M-terminal sequences 
of 83/H protein (Table 4) match the published sequence of S3 (16,20) to the 
extent it mm determined (to position 43) . 

ftm V-teralaal aeqpencea of the four proteins show variations from 
pobllshmd dntm in two cues. (Hir sequence for S4 has a histidine at 
position 2. compared with an arginine in the published sequence (17*21). The 
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S3/H Protein 

A B p 




Figure ori ^nnrion of m orct r rn nr;i.r;d r , i;.;g^^ 

rnrlflf^a r1?>of.01fl1 to Si*? lii^IiS^ 60, 30. 15. 7.5. or 

dilutions of FLP protein, .^^^Jj^^'i^S S JlSctldns shown for ea<A 

3 0 pg .pf FLP protein are added. Tteee se^ ot ^^^^ protein. 

if ted ribosomal protein: a) Control, "J. '^^^4 -ro^ 

"?) iiboso»ai protein is ''i^^ "'^^S^^ ^^3:1^^^ S^^nS^SS iii 

sr-.. ^tion of interno Jocular "<^'»*^™'*"^:.^%"!SJ%;acSon at a level 
:pr.. ucts. PV. c)^«.osojal^rote n^^^^ 

rin™c:ia?rer^^^™^^ «.is results in an increase in 

the products. PI. and a decrease in P3. 
proteins were added to each reaction: 
a) «5-t B 0.42 PR S5; set C, 0.84 /ig S5. 

h s Sir. i r~.^i.; '^f o^i - « »/- 

d) Set B, 0.15 fig U: set C. 0.40 Mg I<2- 



This results ^ 

The following amounts of rlbosonal 



N-teralnus. i«. - Aimskr in solution at low MaCl 

H orotein (S3) was shonn to be a diaer in 
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Hlstone Proteins 
A B 0 




Figure 5. S!rf. fr"^^*=^Q" ^ recoinblnatlon bv hUtg^e pyot^it^s . These 
experiments are identical to those illustrated in Figure 4. except that 
histone proteins (chicken erythrocyte) were added to set B and set C, Set A, 
control reactions, no added histone protein; set B, 0.55 /ig; set C, 
0.77 /«g, added to each reaction. 

concentrations (1). In the present atudy S3/H protein; L2; and S4 eluted In 
order froa a Biosel PlOb colusn at positions expected if these proteins for* 
•table hmodiaers (not shoim). So«e of the S4 and all of the S5 were found 
in thei.vold voluer siwpesting the fornation of higher order aggregates. 
Srall ai^unta of S4 trailed throughout the colunn. Earlier work had 
indicated that these proteins were elongated or cylindrical in shape (29). 
These proteins are now believed to be globular (30) . DeyiaLtiona f ron a 
globalarf structure would ^ affect the elutlon of ^a protein^ froa a sizing 
eoluu. I " . "5 

nw purified ribosoMl proteins were heated to 90*C for five ninutcs, 
then centrifuged to rMove any precipitate. The proteih8?were^M^^ 
WIP protein atiulatory activity, as descrlbisd below, - aroB«^ witK IdeM 
saaples^hat had not been hearted. 83/H protein. L2rand ^6 shofwed littler or 
no loss &f atiaulatory activity after beating. S4 lost apprdxiaateiy half of 
its activity, but waa atiil ablis to stiaulate PLP protein recoabination. 

Effect of RiboaMal Proteins on PLP Protein Mediated Site*abeclfic 
Kecoabination . The linear DNA substrate pNNC3 (S) used in the PLP protein 
recoAlnatlon assay can undergo intraaolecular recoabination (Fig. la)* to 
produce a circular product. P3. and a saaller linear product. P2. pllNCS can 
also umiergo Interaolecular recoabination (Pig. lb), to produce a larger 
linear product, PI. and a saaller linear product identical to that produced 
by iatraaolecular recoi^inatioa, P2. PI can react further with substrate 
(Pig, Ic), to produce a series of larger linear products, which appear on an 
agarose gal as a ladder of bands aigrating above the substrate band (31). 
ProrJacts collectively designated PI are diagnostic of an interaolecular 
recoabiaation reaction, wbile the product designated P3 is diagnostic of an 
iatraaolocular recoabination reaction. 

The effect of the purified ribosoaal proteins on PLP protein aediated 
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site-specific recoabination is shown in Figure 4. Three sets of PLP protein 
recoablnation reactions are shoim to illustrate the effect of each of the 
four purified ribosoaal proteins. Bach of the four ribosoaal proteins has a 
sinilar effect on FLP protein recoablnation. Each reaction in a set contains 
a consecutively decreasing anount of PLP protein (froa left to right, see 
Methods). The ratio of PLP protein nonoaer to PLP recoablnation site in each 
consecutive reaction is'22:i. il:l, 5.3;i, and 1.1:1. 

The sets of reactions labeled A are control reactions and contain nc 
added ribosoaal protein- The sets of reactions labeled B and C contain added 
ribosoaal protein, and each reaction within a set contains the saae aaount of 
added protein. In the sets of reactions labeled B. an aaount of ribosoaal 
protein (deterained eapirically. see Table 5) sufficient to stlaulate the 
production of Interaolecular recoablnation products, PI. coapared to the 
control set of reactions in set A. is added to each reaction. Intraaolecular 
recoablnation products, PS. are also observed, and in soae cases, they are 
Bore intense than in the control reactions (Pig. 4a, b. and d). 

In the sets of reactions labeled C, the aaount of ribosoaal protein 
added to each reaction was doubled relative to set B. An exception was the 

...ijjgjj^g with L2, where 2.6 tises the aaount of protein in B was added to 

r*"productlon of interaolecular recoablnation products. PI. is Increased 
further, while production of intraaolecular recoablnation products. P3. is 

H protein waa shown to inhibit the activity of a nuaber of DNA binding 
proteins (12). This inhibition required a stoichiometric aaount of 
H protein, with saturation reached at a ratio of one H Pro^eln dlwer/75 bp of 
nuA II. 4 «»»h< 8 value, there are 125 H protein diaer binding sltea/plBlcs 
Boleculer The aaount of H protein in the H protein assays correaponda to 20» 
(set B) and 40« (set C) saturation of the DMA substrate. : ^ 

The ratios of ribosoaal protein ■onoaers/pHNCS Molecules in the sets of 
reaction^ shown in Figure 4 are shown In Table 6. The highe^ patios of 85 
required for stlaulatlon aay reflect its higher aggregation stai-. There^are 
enJugh ribosoaal protein «.BO.ers in each experiaent HrP*rtlaUy,coat^e.ch 
DNA ablecule. Wc do not know whether the ribosoaal proteins affect prlaarlly 
the DNft or the FLP protein. . * «• 

WIS Kave not yet developed a reliable quantitative .ip^aaureaent , of the 
stiauSiktlort of the PLP protein recoablnation reaction. vT»>? ?3W showiigiye ; 
a qaaiitatlve aeasureaent of the stlaulatlon b?se«l, /on , t 
intensity of interaolecular recoablnation product bands observed 
SSlSnP^^ the aaount of PLP protein .f^^^^^ 

recbiiJlnatldn reaction, coapared] to control '"f *^P%l??i;^*w£??St;i^ 
ribosoaal protein is added. The nuaber /"^^^i^Vi . f .^itS? 5 
interableculer recoablnation products are greatly lncrea8|d,, by addition^ or 
ribocoial proteins. A. auiy as six interaolecalar recoabination product 
bands can be observed in sets B and C for the highest conceatratlon or FLP 
protein vs. the control set. ?A. where only f""^* 
JeJoJblnatlon products can be detected at a five 

PLP protein (15 ng FLP protein/reaction vs. 3 ng FIP • 
soae cases the intraaolecular recoablnation > "J J ■SfJ 

intense than in the control reactions, and can be obaarved at 
iJou" cJlJSntrations (Pig. 4a.b. and d). This J""**"^" ^J^^i^^'^^ini 
proteins do not increase interaolecular recoablnation solely by decreasing 

*"'T'"t:rartri;r««tlons label«l C. the intra«.lecular recoablnation 
react Jn ll Inhibited while the i«ter«lec«lar "~ jil 

stlaulated further. The purified rlboaoaal protelna were too dilute to allow 
aSiuiJS of enough proJein to the FLP recoablnation reaction to cauae 
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Table 5. Ratios of rlbosomal protein monomers :pMHC3 DM, 





Set B 


Set q 


S3/H protein 


53 


106 


S4 


37 


74 


S5 


140 


280 


L2 


19 


51 



Figure 4 are listed. 



inhibition of all reactions. S5 was concentrated and titrated into the FhP 
recoBbination reaction (not shorn). The aaount of FLP protein added was the 
same in each reaction. The ni»ber of interaolecular recoabinatlon products 
increased at first, and then leveled off, followed by a significant drop in 
the uuBber and intensity of products. Coaplete Inhibition was not achieved. 
In assays where Mixtures of the ribosoaal proteins were present, coaplcte 
inhibition waa observed at high concentrations (not shown). It is possible 
that these proteins could have a synergistic effect. 

Effect of Histone Proteins on FLP Protein Medi ated Site-specific 
Racowbination , H protein has an awino acid cowposition siailar to histone 
protein H2A (Table 3), and reacts with antibodies aade against H2A (1). The 
stiwulatory effect of H protein suggested that histone proteins (32) aight 
also stlBulate FLP protein recowbination. 

Intact chicken erythrocyte histone octawers (33) in 2 N NaCl (no 
histone «1 was present in this preparation) were diluted to 1 II NaCl, and 
then to 200 wM NaCl in the' FLP protein recombination reaction aixture. 
Dilution into low salt causes the histone octaaers to dissociate into an 
H3-H4 tetraaer. and two H2A-H2B diners (34). The effect of histone proteins 
on FLP protein site-specific recowbination is shown in Figure 5. 

The effect of histone proteins on FLP protein recowbination is siwilar 
to that of the riboaoial jpfrot^e^iris. althoui^ the degree of atiwulation is ^ not 
as great. in thi' set -'ofi reactions labeled B, -.^^^t^^ Interaolecular 
recoBblnation is stianlated relative to the control reiactiom in set A, while, 
the intrawolecular recoabination products. P3, are still .^observed. In the 
set of reactions labeled C;; ' the^ 1^ recowbihat ion reaction ia 

stiaulaied further, wlille , the intramlecular recopbinatipn reaction isf 
inhibited. FLP protein recoabination products can be detected at a five fold 
lower concentration of FLP> protein in set C. coapared to the control 
reactions. Increasing the cohcentration of the fcistone proteins leads to 
coaplete inhibition of the FLP protein recoabination reaction. 

The species responsible for the stiwulation haa not been detemined. 
Both tbe H2A-H2B diser and the 113-114 tetrawer could cauae the stiaulation. 
Alternatively, if only one of theae apeciea is active, the other could bind 
DNA as a coapetitive inhibitor, thin would lower the effective concentration 
of the active species on the DNA and account for the lower level of 
stiaulation observed. coapared to the stiaulation of FLP protein 
recoabination caused by the ribosoaal proteins. 



p^SPPSSIOM 

The priaary finding of this study is that H protein is ribosoaal 
protein S3. This protein has been linked to the B. coll nucleoid by virtue 
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of Its hl8lone-llke properties (1). Its DMA binding activity (1), the large 
ll i?.? in the cell (2). and its presence In nucleoid preparations (4>. 

fortSitously assoclltedlrith the nucleoid In >any Vt^^tlom. 
loriuitwuBy rihoaoaal proteins with MIA should not be 

Association of soae ^JJJJ^^lj^J^Jj^a here bind to rRSA (35). The 

both proteins. Interestingly. boA P^^^IbUlll^lficant s«lno add sequence 
£. saU histone-llke P"t^n HO 'f^^^^ f „f bacterial species. 
hoBology wit* rlboso^ypro^^n ,5^" «e geJeriS circu«tantlal and the 

> (36,37). ^^^^^^^ activity of these 

results are best^expla^cd^by a Iri « effort. 

rlbosoBal proteins. ^EDTA i? nucleases Slnca BDTA facllitatea the 

reduce the activity of enzyMS such as m abjndance Ir. 

espial*, several P*^"'^;? '^^J'^-iJ^enr^lli^ t L?er«>l«:«i.r 
protein fractions (31.38). •f^"" clearly due to the effects of 

?ecotd,ln«tlon seen In J^^^J'^J^^Jii^Sly ^ «ot reflect a.ry n«clflc 
these contaalnants. The results '^i^*' "'^ Instead, they provide new 

binding proteins in R. £fiU- 
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